INTRODUCTION
============

During preimplantation development in mice, the quiescent zygotic genome is activated at the late 1-cell and 2-cell stages through a process known as zygotic genome activation (ZGA) ([@R1]). ZGA coincides with the gain of totipotency, the ability of a cell to generate embryonic and extraembryonic cell types of an organism ([@R2]) and transient expression of a group of genes (e.g., *Zscan4* gene cluster) and repeats (e.g., murine endogenous retrovirus with leucine tRNA primer (MERVL) repeats) ([@R3], [@R4]). In serum/leukemia inhibitory factor (LIF) culture conditions, a small population of embryonic stem cells (ESCs) (\<1%) exhibit several features of 2-cell embryos ([@R4], [@R5]), including expression of 2-cell embryo--specific genes and repeats (e.g., *Zscan4* genes and MERVL repeats) ([@R4]), increased histone mobility ([@R6]), dispersed chromocenters ([@R7]), and the capacity to contribute to both embryonic and extraembryonic tissues ([@R4]). Using a MERVL promoter--driven reporter, 2-cell--like (2C-like) cells can be easily isolated from ESC culture. Compared to other totipotent cell models ([@R8]--[@R10]), 2C-like cells exhibit a unique transcriptome similar to that of the 2-cell embryos, making it a good model for understanding ZGA and totipotency ([@R2], [@R11]).

The 2C-like state is transient and can spontaneously reverse to the pluripotent state under mouse ESC (mESC) culture conditions ([@R4]). Multiple factors, including Tet proteins ([@R12]), components of noncanonical PRC1 (Polycomb repressive complex 1) ([@R13]), and *miR-34a* ([@R14]), have been shown to mediate the pluripotent--to--2C-like state transition. However, the rare occurrence of the 2C-like transition event in the mESC culture makes it technically challenging to study how 2C-like cells transit back to the pluripotent state.

The transcription factor Dux is necessary and sufficient to drive the ESC to 2C-like cell transition ([@R15]--[@R17]). Dux-induced 2C-like cells highly resemble the spontaneous 2C-like cells and are able to exit 2C-like state spontaneously ([@R18]). Taking advantage of this property, we recently characterized the transcriptional dynamics of pluripotent--to--2C-like state transition and showed that the transition involves a two-step reprogramming process, a first step characterized by the down-regulation of pluripotent genes and a second step characterized by the expression of 2-cell embryo--specific transcripts ([@R18]). We also identified Dnmt1 and Myc as negative regulators of the pluripotent--to--2C-like transition ([@R18]).

In this study, we characterized the transcriptional dynamics of the reverse process. We found that during the reverse transition, pluripotent genes are activated in two waves, distinct from a direct reversal of the pluripotent--to--2C-like transition process, indicating that the entry and exit of 2C-like state follow distinct transcriptional paths. In addition, our results indicated that nonsense-mediated *Dux* mRNA decay (NMD) plays an important role in driving the reversal process.

RESULTS
=======

Establishment of a cell model to study reversal of Dux-induced 2C-like transition
---------------------------------------------------------------------------------

To study the transition between the pluripotent and 2C-like state, we previously constructed a reporter ES cell line containing MERVL promoter--driving tdTomato transgene in which activation of the reporter gene serves as an indicator of 2C-like state ([@R4]) and doxycycline-inducible *Dux* transgene ([Fig. 1A](#F1){ref-type="fig"}) ([@R18]). To study the reversal process, we first sorted 2C-like cells (D1 2C^+^) after 24 hours of *Dux* induction. Then, the purified 2C-like cells were cultured for an additional 24 hours to allow them to exit the 2C-like state ([Fig. 1B](#F1){ref-type="fig"}). Last, the cells were sorted into tdTomato-negative (D2 2C^−^) and tdTomato-positive (D2 2C^+^) cell populations for RNA sequencing (RNA-seq) analysis ([Fig. 1B](#F1){ref-type="fig"} and fig. S1, A and B).

![D2 2C^−^ cells exhibit intermediate transcriptome between 2C-like and pluripotent cells.\
(**A**) Schematic representation of the reporter constructs. Tdtomato is under the MERVL promoter control. syn*Dux* refers to codon-optimized exogenous *Dux*. PBS, primer binding site. LTR, long terminal repeats. (**B**) Diagrammatic representation of the different cell populations used for RNA sequencing (RNA-seq). (**C**) Scatterplot comparing the mean expression profiles between D2 2C^−^ and D1 2C^+^ (2C-like cells) cell population. Criteria: FC \> 2 and FDR \< 0.001. Genes/repeats up-regulated in 2C-like cells are shown in red, and elements up-regulated in D2 2C^−^ are shown in blue. (**D**) Venn diagram showing the overlap between the up-regulated genes during ESC--to--2C-like transition (red) and down-regulated genes during the exit from 2C-like state (blue). (**E**) Scatterplot comparing the mean expression profile between spontaneous D2 2C^−^ and D0 2C^−^ (ESCs). Criteria: FC \> 2 and FDR \< 0.001. Genes and repeats up-regulated in D2 2C^−^ cells are indicated in red; Genes and repeats up-regulated in D0 2C^−^ are indicated in blue. (**F**) Box plot showing the log~2~ expression level of 2C^+^--up-regulated transcripts and 2C^+^--down-regulated transcripts in each of the D0 2C^−^, D2 2C^−^, and D1 2C^+^ cell populations. *P* values were calculated by two-tailed Mann-Whitney *U* test. All data were derived from two biological RNA-seq repeats.](aay5181-F1){#F1}

Compared to that of the starting cells (D1 2C^+^), the transcriptome of D1 2C^+^ cells and that of D2 2C^+^ cells are almost identical (Pearson correlation = 0.96). Only 276 and 49 genes were activated or repressed \[fold change (FC) \> 2, false discovery rate (FDR) \< 0.001; fig. S1C and table S1\], respectively, indicating that the D2 2C^+^ cells remain in 2C-like state. Although the transcriptome of D2 2C^+^ cells and that of D1 2C^+^ cells are almost identical, D2 2C^+^ cells exhibit *Gadd45b/g* up-regulation (fig. S1C), p53/ATM serine/threonine kinase signaling enrichment, and metabolic alteration (fig. S1D), indicating that prolonged maintenance in the 2C-like state may activate cell death pathway.

In contrast, D2 2C^−^ cells exhibit substantial transcriptional alterations compared to that of D1 2C^+^ cells with 1254 and 2607 genes and repeats, respectively, up- or down-regulated (FC \> 2, FDR \< 0.001; [Fig. 1C](#F1){ref-type="fig"} and table S1). The down-regulated genes and repeats include many known 2-cell embryo--specific transcripts such as MERVL repeats, *Zscan4* genes, *Spz1*, and *Zfp352* ([Fig. 1C](#F1){ref-type="fig"}), while the up-regulated genes and repeats include pluripotent genes, such as *Sox2* and *Klf4*, and are enriched in pluripotency and signaling pathways critical for pluripotency ([Fig. 1C](#F1){ref-type="fig"} and fig. S1E). In addition, \~80% of 2C^+^--up-regulated transcripts are repressed in D2 2C^−^ cells ([Fig. 1D](#F1){ref-type="fig"}). Collectively, these results confirm that D2 2C^−^ cells exit from the 2C-like state and thus the system can be used for studying the reverse process of 2C-like transition.

D2 2C^−^ cells exhibit intermediate transcriptome between pluripotent and 2C-like cells
---------------------------------------------------------------------------------------

Because transcriptome indicates that D2 2C^−^ cells have exited from the 2C-like state ([Fig. 1, C and D](#F1){ref-type="fig"}), we next asked whether these cells return to the original pluripotent state. To this end, we compared the transcriptome between D2 2C^−^ cells and the original pluripotent cells (D0 2C^−^). We found that, intriguingly, D2 2C^−^ cells did not completely reverse back to the pluripotent state based on transcriptome analysis. Compared to the pluripotent ESCs (D0 2C^−^), D2 2C^−^ cells exhibited distinct transcriptome ([Fig. 1E](#F1){ref-type="fig"} and table S1), including up-regulation of 2-cell embryo--specific transposable elements, *Zscan4d* and MERVL-int, and down-regulation of some pluripotency-related genes, including *Lefty1* and *Fgfr4*, suggesting that these cells exhibit a transcriptome between pluripotent and 2C-like state. We found that D2 2C^−^ cells exhibit an intermediate expression level of 2C^+^--up-regulated or --down-regulated genes and repeats between pluripotent and 2C-like cells ([Fig. 1F](#F1){ref-type="fig"}).

To determine the extent to which the intermediate transcriptome of D2 2 C^−^ cells is different from that in the pluripotent ESC and 2C-like cells, we compared it to the transcriptomes of D0 2C^−^ (pluripotent cells) and D1 2C^+^ (2C-like cells). We identified that 4702 transcripts exhibit different dynamics between the three datasets. The majority of them (\~80%), referred to as "group 1," show consistent expression between D2 2C^−^ cells and ESCs (D0 2C^−^) (table S2), indicating that these genes have been successfully reversed to the pluripotent state in D2 2C^−^ cells ([Fig. 2, A and B](#F2){ref-type="fig"}). The down-regulated group 1 genes and repeats, including *Zscan4* and MERVL, are enriched for assembly of the RNA polymerase II complex, while the up-regulated group 1 genes include pluripotent gene *Sox2* and are enriched in mESC pluripotency pathways ([Fig. 2, A](#F2){ref-type="fig"} and C), indicating that the pluripotency network is at least partially restored in D2 2C^−^ cells. Another group of genes and repeats (group 2) maintains a similar expression level between D2 2C^−^ and D1 2C^+^ cells ([Fig. 2, A and B,](#F2){ref-type="fig"} and table S2), indicating that expression of these genes has not been completely restored to the pluripotent level. The down-regulated group 2 genes during the reversal process include *Itga3* and *Skp1a* and are enriched for actin cytoskeleton signaling and ubiquitination pathway, while the up-regulated group 2 genes include *Fgfr4* and *Mapk12* and are enriched for FGF and MAPK signaling ([Fig. 2, A](#F2){ref-type="fig"} and C). This indicated that the D2 2C^−^ cells exhibit distinct molecular and cellular features compared to the pluripotent cells.

![Transcriptional dynamics during 2C-like state--to--pluripotent state transition.\
(**A**) Heatmap showing the relative expression level of group 1 and group 2 genes from two biologically independent samples of D1 2C^+^, D2 2C^−^, and D0 2C^−^ cell population. The number of genes in each category is indicated on the left side of the heatmap. (**B**) The expression dynamics of the transcripts in group 1 and group 2 genes. Each transcript expression is shown as a gray line; the red line represents the mean expression. (**C**) Bar plot showing the −log~10~ (*P* value) of the pathways enriched in each category of genes (right, right-tailed Fisher's exact test). All data were derived from two biological RNA-seq repeats.](aay5181-F2){#F2}

There are two possible ways to explain the intermediate transcriptome of the D2 2C^−^ cells. One is that an intermediate cell population emerges during the reversal of 2C-like state and the D2 2C^−^ cells represent a mixed cell population consisting of intermediate and pluripotent cells. Alternatively, D2 2C^−^ cells are a homogeneous cell population with altered transcriptome.

Single-cell RNA-seq analysis indicates that the D2 2C^−^ cells are a mixed cell population
------------------------------------------------------------------------------------------

To determine which of the above two possibilities are true, we performed single-cell RNA-seq (scRNA-seq) at different time points of the reverse transition process ([Fig. 3A](#F3){ref-type="fig"}). We isolated Dux-induced 2C-like (D1 2C^+^) cells and continue culturing them for 24 hours to initiate the spontaneous reversal process. In total, we obtained 1304 and 994 single cells with \>800 transcripts at 0- and 24-hour time points, respectively ([Fig. 3A](#F3){ref-type="fig"}, fig. S2A, and table S3; see Materials and Methods).

![scRNA-seq reveals an intermediate state during the 2C-like--to--pluripotent state transition.\
(**A**) The workflow of the experimental and data analysis process. A total of 1304 and 994 cells with \>800 transcripts were obtained at 0 and 24 hours after the exit from 2C-like state, respectively. (**B**) Uniform Manifold Approximation and Projection (UMAP) of the sequenced cells. Cluster a (1397 cells), cluster b (101 cells), and cluster c (800 cells) are indicated. (**C**) Violin plot showing the log~2~ expression level of representative 2-cell-embryo and pluripotency marker genes in each cluster. (**D**) Scatterplot showing the log~2~ mean expression of 2-cell-embryo transcripts (*x* axis) and pluripotency transcripts (*y* axis) in cluster 2 cells. The dashed red lines indicate the threshold for expression. (**E**) Principal components analysis projection of the single-cell clusters and the fluorescence-activated cell sorting (FACS) isolated cell populations based on their transcriptional profiles. R1 and R2 indicate two replicates. (**F**) Hierarchical clustering (complete linkage) of the relationship between cell clusters derived from scRNA-seq and FACS-isolated bulk RNA-seq cell populations based on their transcriptome profiles. R1 and R2 indicate two replicates.](aay5181-F3){#F3}

As the exit of 2C-like state is an unsynchronized process ([Fig. 1B](#F1){ref-type="fig"}), we pooled all the cells from the two time points for clustering analysis. The analysis revealed three major cell clusters with distinct transcriptional profiles ([Fig. 3, B and C](#F3){ref-type="fig"}, and fig. S2B). Cluster a (1397 cells) shows characteristics of 2C-like cells with the expression of *Zscan4c* and MERVL ([Fig. 3C](#F3){ref-type="fig"} and fig. S2B) and a low-level expression of *Sox2* and *Arid5b*. Cluster c (800 cells) shows ESC features with high expression of pluripotency genes such as *Sox2*, *Pou5f1*, and *Arid5b* but almost no expression of MERVL and *Zscan4c* ([Fig. 3C](#F3){ref-type="fig"} and fig. S2B). Cluster b (101 cells), on the other hand, shows intermediate expression of both pluripotency genes (e.g., as *Sox2*, *Pou5f1*, and *Arid5b*) and 2-cell embryo elements (e.g., MERVL and *Zscan4c*) and thus may represent an intermediate cell population ([Fig. 3C](#F3){ref-type="fig"} and fig. S2B). We further confirmed that cells in cluster b are in an intermediate state as each cell in this cluster simultaneously expresses pluripotent genes and 2-cell embryo transcripts (2C^+^--up-regulated ZGA genes and repeats) ([Fig. 3D](#F3){ref-type="fig"}).

To further confirm that the cells we analyzed belong to different cell clusters, we performed clustering and principal components analysis (PCA) with both scRNA-seq and bulk RNA-seq samples. The transcriptional profiles of the three cell clusters derived from scRNA-seq respectively correlate with D1 2C^+^, D2 2C^−^, and D0 2C^−^ cell populations ([Fig. 3, E and F](#F3){ref-type="fig"}), supporting that they represent 2C-like, intermediate, and pluripotent cells. While scRNA-seq reveals that the 2C^−^ cells obtained at 24 hours (cluster b and c cells) mainly consist of pluripotent cells (cluster c) (fig. S2A), the bulk transcriptomic profile of these cells (D2 2C^−^ transcriptome) is more similar to that of cluster b cells ([Fig. 3, E and F](#F3){ref-type="fig"}), indicating that cluster b cells contribute to the intermediate transcriptome of D2 2C^−^ cells. For example, we found that several group 2 genes ([Fig. 2A](#F2){ref-type="fig"}), such as *Camk1d*, *Trim 28*, and *Utp3*, are expressed at a similar level between cluster b and cluster a cells, suggesting that cluster b cells are the major contributors of the expression of these genes in D2 2C^−^ cells (fig. S2C). In contrast, the expression of many group 1 genes, such as *Sox2* and *Zfp352*, is altered in both cluster b and cluster c cells compared to cluster a cells (fig. S2C), which is consistent with the fact that their expression is restored to the pluripotent state in D2 2C^−^ cells.

Previous studies indicate that 2C-like cells restore to the pluripotent state after 3-day culture ([@R19]), indicating that the intermediate cluster we identified eventually transits back to the pluripotent state. To confirm that this is indeed the case, we isolated D2 2C^−^ cells, which include the cluster b cells, and cultured them for an additional 2 days (D4 2C^−^ cells). We found that while D2 2C^−^ cells activated the 2-cell embryo--specific transcripts, such as *Zscan4d*, *Spz1*, MERVL-int, and *Zfp352* compared to pluripotent cells (fig. S2D, left), the majority of these transcripts are expressed at a similar level between D4 2C^−^ cells and ESCs (fig. S2D, right). In addition, PCA shows that the transcriptome of D4 2C^−^ cells are more similar to that of ESCs compared to that of D2 2C^−^ cells (fig. S2E). Collectively, these results suggest that cluster b cells transit back into the pluripotent state after further culture.

In conclusion, by performing scRNA-seq analysis, we demonstrate the existence of an intermediate state during the transition from the 2C-like state to the pluripotent state, suggesting that the D2 2C^−^ cells consisted of a mixture of intermediate and pluripotent cells.

The two intermediate states of forward and reverse transition between pluripotent and 2C-like states are distinct
-----------------------------------------------------------------------------------------------------------------

The identification of an intermediate-state cell population suggests that the reversal of the 2C-like state is also a stepwise process. To dissect the transcriptional dynamics of this process, we performed a pseudotime analysis ([Fig. 4A](#F4){ref-type="fig"}). By coloring cells along the pseudotime (gray: beginning of the pseudotime, red: end of the pseudotime), we noticed that cluster a cells (2C-like cells) are mainly located at the beginning of the projected timeline ([Fig. 4A](#F4){ref-type="fig"}); cluster b cells (intermediate) are mainly located in the middle of the timeline, while cluster c cells (pluripotent) are at the end of the timeline ([Fig. 4A](#F4){ref-type="fig"}). The pseudotime also captures the expression dynamics of key pluripotent and totipotent genes, with the totipotency marker genes (e.g., *Zscan4c* and MT2-Mm) gradually decreasing and the pluripotency genes (e.g., *Sox2* and *Arid5b*) suddenly up-regulating at the intermediate state (fig. S3A).

![The intermediate states of forward and reverse transition are distinct.\
(**A**) UMAP plot showing the pseudotime progression. Each cell is colored according to its position in the pseudotime. (**B**) Box plot showing the expression of 2C^+^--down-regulated pluripotent genes (*n* = 135 genes), 2-cell-embryo genes (2C^+^--up-regulated ZGA genes, *n* = 349 genes), and 2C^+^-activated repeats (*n* = 501 repeats) during the entry (top) and exit from the 2C-like state (bottom). (**C**) Heatmap showing the expression of 2C^+^--down-regulated pluripotent genes in each cluster. (**D**) Box plot showing the expression of early-activated and late-activated pluripotent genes during the exit from the 2C-like state. (**E**) UMAP projection of cells during entry and exit from the 2C-like state. *P* values (shown as numbers in the figures) are calculated by two-tailed Mann-Whitney *U* test.](aay5181-F4){#F4}

The similarity between the transcriptional dynamics of totipotent and pluripotent genes during preimplantation development and the reverse of 2C-like state (fig. S3A) ([@R20]) prompted us to ask whether reversal of the 2C-like state recapitulates the transcriptional dynamics of preimplantation development. A comparative analysis of transcriptome revealed that the 2C-like cluster (cluster a) is similar to 2-cell embryo; the pluripotent cluster (cluster c) is similar to the inner cell mass, while the intermediate cluster (cluster b) is most similar to the 4-cell/8-cell embryos (fig. S3B). Furthermore, hierarchical clustering analysis revealed that the intermediate cells are clustered with 4-cell/8-cell embryos, while clusters a and c are grouped with 2-cell embryos and inner cell mass, respectively (fig. S3C). These data support that the reversal of the 2C-like state at least partly recapitulates the transcriptional dynamics of preimplantation development.

We have recently demonstrated that transition from the pluripotent state to the 2C-like state follows a two-step transcriptional dynamics: (i) down-regulation of pluripotency genes and (ii) activation of 2-cell embryo--specific genes and repeats ([@R18]) ([Fig. 4B](#F4){ref-type="fig"}, top). To determine whether the 2C-like state--to--pluripotency state transition simply follows a reverse transcriptional dynamics, we analyze the expression dynamics of pluripotent genes, 2-cell embryo genes, and activated repeats during the reversal process and found that activated 2-cell embryo genes and repeats are majorly silenced from the 2C-like state to the intermediate state ([Fig. 4B](#F4){ref-type="fig"}, bottom; fig. S3D; and table S4), which follows a direct opposite dynamics of what we observed during the entry of the 2C-like state. In contrast, pluripotent genes are gradually up-regulated during the entire reversal process ([Fig. 4B](#F4){ref-type="fig"}, bottom). Further analysis of the pluripotent gene activation revealed a two-step process ([Fig. 4, C and D](#F4){ref-type="fig"}, and fig. S3E). Early-activated pluripotent genes that are up-regulated in the first step (2C-like state to intermediate state) mainly consist of crucial pluripotency factors including *Sox2*, *Esrrb*, *Arid5b*, and *Zfp42* that are involved in embryonic development and stem cell maintenance ([Fig. 4C](#F4){ref-type="fig"}, fig. S3F, and table S4), indicating that establishment of a pluripotent network is initiated at the beginning of the reversal process, while the late-activated pluripotent genes that are up-regulated during the second step (intermediate state to pluripotent state) include many signaling-related genes (such as *Mras, Stat3*, and *Smad3*) that are involved in cellular signaling, actin cross-link, and cell junction regulation ([Fig. 4C](#F4){ref-type="fig"}, fig. S3F, and table S4).

The two-step up-regulation of pluripotent genes during the exit of the 2C-like state is not a direct reversal of the pluripotent to 2C-like state, where down-regulation of pluripotent genes takes place at the early stage during the transition ([Fig. 4B](#F4){ref-type="fig"}). This indicates that 2C-like cells may exit the 2C-like state following a distinct path from the path for the entry of 2C-like state. An integrative analysis of scRNA-seq datasets from the 2C-like entry process ([@R18]) and the exit process indicated that the entry and exit of the 2C-like state follow different transcriptional paths ([Fig. 4E](#F4){ref-type="fig"}). Together, our scRNA-seq analyses revealed the distinct features of the transcriptional dynamics for the reversal of the 2C-like state and indicated that 2C-like cells go through a different intermediate state during the reverse transition.

NMD mediates *Dux* mRNA degradation and contributes to the 2C-like--to--pluripotent state transition
----------------------------------------------------------------------------------------------------

Dux plays an important role in the pluripotent--to--2C-like state transition ([@R15]--[@R17]). The reverse transition from 2C-like to pluripotent state may be through down-regulation of Dux or a Dux-independent pathway. Transcriptomic data analysis revealed that the *Dux* mRNA level is significantly down-regulated in D2 2C^−^ cells but maintained at a high level in D2 2C^+^ cells ([Fig. 5A](#F5){ref-type="fig"}), suggesting that down-regulation of *Dux* may contribute to the reverse transition from the 2C-like state to the pluripotent state.

![Smg7 degrades *Dux* mRNA and contributes to the 2C-like--to--pluripotent state transition.\
(**A** and **B**) Bar graph showing the expression levels of *Dux* (**A**) and *Smg7* (**B**) in different cell populations. (**C**) Western blot confirming efficient Smg7 knockdown. (**D**) Measurement of *Dux* half-life. The half-life of *Dux* is calculated from the *Dux* degradation curve upon actinomycin D treatment. *P* value (shown as number) is calculated using a standard *t* test. (**E**) Relative *Dux* and *Zscan4d* mRNA levels normalized to *Gapdh* in *Dux*-activated mESCs. (**F**) Workflow for measuring the percentage of 2C-like state cell population (top) and the relative percentage of 2C-like cells under different genetic manipulation (bottom). *P* values are shown as numbers in the figure. Data presented in (D) to (F) are mean ± SD, *n* = 3. By unpaired *t* test, two-tailed, two-sample unequal variance unless otherwise indicated.](aay5181-F5){#F5}

The rapid decrease of *Dux* mRNA during the exit of the 2C-like state suggests that an active RNA degradation mechanism may be involved in degrading *Dux* mRNA during the process. A previous study has shown that nonsense-mediated mRNA decay (NMD) is involved in degrading *DUX4*, a Dux homolog in humans, by recognizing the second 3′ untranslated region (3′UTR) intron of *DUX4* in facioscapulohumeral muscular dystrophy ([@R21]). Although Dux lacks the 3′UTR intron, Dux mRNA transcripts contain a relatively long 3′UTR \[\~700 base pairs (bp)\] ([@R3]), which is one of the signatures that can be targeted by NMD ([@R22], [@R23]). In addition, we noticed that one core component of the NMD pathway ([@R24]), *Smg7*, negatively correlates with 2C-like transition ([Fig. 5B](#F5){ref-type="fig"}) and *Smg7* expression is up-regulated in cells that exit the 2C-like state but remains low in cells that stay in the 2C-like state (fig. S4A), suggesting that Smg7 is likely involved in the 2C-like transition dynamics. These results suggest that *Dux* may be targeted by NMD for rapid degradation.

To test this hypothesis, we generated Smg7-deficient mESCs using single guide RNA targeting *Smg7* and confirmed its depletion by Western blot analysis ([Fig. 5C](#F5){ref-type="fig"}). We found that the mRNA half-life of *Dux* is significantly increased upon Smg7 depletion, while the mRNA half-life of *Zscan4d*, a downstream target of Dux, is not significantly altered ([Fig. 5D](#F5){ref-type="fig"} and fig. S4B), confirming that *Dux* is degraded by NMD. In addition, upon *Dux* derepression, the mRNA levels of *Dux* and *Zscan4d* are significantly increased in Smg7-deficient cells compared to that of control cells ([Fig. 5E](#F5){ref-type="fig"}). The general expression level of 2C^+^--up-regulated transcripts is further increased upon Smg7 depletion (fig. S4C and table S5). These results support the notion that *Dux* mRNA is degraded by Smg7-mediated NMD. Most of the mRNA biogenesis genes (Kyoto Encyclopedia of Genes and Genomes, BR:mmu03019) are not altered upon Smg7 perturbation (fig. S4D), indicating that Smg7 directly modulates *Dux* stability through NMD. We found that *zfp36l2*, which destabilizes mRNA through binding to the AU-rich element (ARE) of the 3′UTR ([@R25]), is decreased upon Smg7 perturbation (table S5). However, *Dux* mRNA does not contain ARE at its 3′UTR ([@R26]), and thus, it is unlikely that Smg7 destabilizes *Dux* mRNA through Zfp36l2. Last, perturbation of Upf1, another core factor in NMD, similarly stabilizes *Dux* mRNA (fig. S4, E and F). Together, our results support the notion that Smg7 destabilizes *Dux* mRNA directly through NMD.

Next, we asked whether NMD modulates the 2C-like state--to--pluripotent state transition. To this end, we sorted out spontaneous 2C-like cells (without exogenous Dux expression) from control and Smg7-depleted cells and examined the 2C-like state--to--pluripotent state transition rate. Compared to control cells, Smg7 depletion resulted in a higher percentage of cells maintaining their 2C-like state after 24-hour culture, indicating that the 2C-like--to--pluripotent state transition is inhibited by Smg7 depletion ([Fig. 5F](#F5){ref-type="fig"}). In contrast, depletion of Dnmt1 and Myc, which mediates 2C-like transition independent of *Dux* expression ([@R18]), did not significantly alter the reversal of the 2C-like state ([Fig. 5F](#F5){ref-type="fig"}). In addition, Upf1 perturbation similarly impedes the reversal of the 2C-like state (fig. S4G). Together, our results support the idea that NMD degrades *Dux* mRNA and modulates 2C-like state maintenance and that *Dux* degradation contributes to the reversal of the 2C-like state.

DISCUSSION
==========

The 2C-like state is transient and reversible in mESCs. We previously characterized the transcriptional dynamics during the ESC--to--2C-like cell transition and identified factors regulating this process ([@R18]). However, how mESCs exit the 2C-like state to transit back to the pluripotent state and what factors are involved in this process are not clear. In this study, we performed bulk and scRNA-seq to dissect the molecular roadmap during the 2C-like--to--pluripotent state transition. Our analysis revealed that the transition process involves an intermediate state with a two-stage up-regulation of pluripotent genes, which is distinct from the intermediate state during the pluripotent--to--2C-like state transition. However, the lack of a suitable cell surface marker prevented the isolation and characterization of the intermediate cell state. A detailed functional characterization of this intermediate state cell population awaits the development of tools for isolation of the cell population.

Although Dux is a key regulator for the pluripotent--to--2C-like state transition in mESCs ([@R15]--[@R17]), the function of Dux in the reversal process and what factors drive the reversal transition are important and unanswered questions. We found that during the reversal of the 2C-like state, *Dux* mRNA is rapidly degraded and NMD at least partly contributes to its degradation. Transcriptome analysis suggests that NMD will likely modulate *Dux* degradation without affecting other pathways involved in RNA surveillance and degradation (table S5). However, we could not rule out the possibility that NMD may indirectly destabilize *Dux* through uncharacterized factors or via modulating other RNA-degradation--related factors at the translational or posttranslational level. NMD contributes to the reversal process as depletion of an NMD factor, Smg7 or Upf1, increased the cell population that remains in the 2C-like state. Together, our study demonstrates that the degradation of *Dux* mRNA, particularly through NMD-mediated mRNA clearance, drives the reversal of the 2C-like state. Additional machinery may exist in mESCs to mediate Dux degradation at the mRNA level and protein level to ensure the efficient reversal of the 2C-like state in the mESC culture.

During mouse preimplantation development, embryos are able to efficiently eliminate *Dux* transcripts in the late 2-cell embryo to gradually establish pluripotency. A failure in timely *Dux* elimination may lead to embryonic developmental arrest ([@R20], [@R27], [@R28]). By exploiting the reversal of the 2C-like state, we revealed that the reverse process coincides with a rapid decrease of *Dux* mRNA and activation of pluripotent genes, which partially recapitulates the transcriptional dynamics of preimplantation development. Our analysis indicates that the reversal of the 2C-like state can serve as an in vitro model for understanding preimplantation development. In addition, we revealed that NMD-mediated mRNA degradation might be a previously unidentified mechanism contributing to the timely *Dux* clearance in early embryos. The 2C-like transition system exhibits potential discrepancy compared to the in vivo embryonic development ([@R27], [@R29], [@R30]). Thus, future studies with the development of new reagents and tools are needed to examine the role of NMD in *Dux* clearance in preimplantation embryos.

In conclusion, this study, together with our previous study ([@R18]), provides a comprehensive transcriptional roadmap in the forward and reversal transition between the pluripotent and 2C-like states in mESCs. The studies also revealed factors involved in the transitions. Furthermore, the studies suggest that the reversal of 2C-like transition can serve as an in vitro model to understand the molecular events, such as the rapid clearance of *Dux* mRNA, during preimplantation development.

MATERIALS AND METHODS
=====================

ESC culture and establishment of cell lines with inducible Dux expression
-------------------------------------------------------------------------

The ES-E14 cells were cultured on plates coated with 0.1% gelatin. The medium for ES-E14 cells is standard LIF/serum medium containing 15% fetal bovine serum (FBS) (Sigma-Aldrich, catalog no. F6178), mouse LIF (1000 U/ml) (MilliporeSigma, catalog no. ESG1107), 0.1 mM nonessential amino acids (Gibco, catalog no. 11140), 0.055 mM β-mercaptoethanol (Gibco, catalog no. 21985023), 2 mM GlutaMAX (Gibco, catalog no. 35050), 1 mM sodium pyruvate (Gibco, catalog no. 11360), and penicillin-streptomycin (100 U/ml) (Gibco, catalog no. 15140). The transcriptome of our mESCs is close to the transcriptome of a published ES-E14 (Pearson correlation, *r* = 0.92) ([@R31]). The MERV-L-LTR-tdTomato reporter constructs were a gift from the laboratory of Samuel L. Pfaff ([@R4]) and were linearized and transfected into mESCs. Colonies containing tdTomato-positive cells were isolated. Codon-optimized Dux (table S5) was synthesized by Integrated DNA Technologies (IDT) and inserted into pCW57-MCS1-P2A-MCS2 (Neo) (Addgene 89180). Lentivirus infection was used to knock in Dux genes into ESC with 2C::tdTomato Reporter. Single clones were picked for further analysis.

Fluorescence-activated cell sorting
-----------------------------------

Flow cytometry was performed via BD FACSCanto II, and cell sorting was performed using the BD FACSAria II cell sorter. mESCs were suspended in PBS with 5% FBS for fluorescence-activated cell sorting (FACS). Data and image were processed using FlowJo software. The gating strategy is presented in fig. S1A. The cell viability and apoptotic index of D2 2C^−^ cells isolated via FACS are 99.91 and 1.11%, respectively. The cell viability and apoptotic index of D2 2C^+^ cells isolated via FACS are 98.44 and 20.2%, respectively.

RNA isolation, quantitative polymerase chain reaction, and bulk RNA-seq
-----------------------------------------------------------------------

Cellular RNA was isolated using Qiagen Allprep RNA/DNA Mini Kit (Qiagen, catalog no. 80204). Complementary DNA was prepared by using the SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific, catalog no. 18080051) and quantitative reverse transcription polymerase chain reaction was performed by using the Fast SYBR Green Master Mix (Thermo Fisher Scientific, catalog no. 4385612). Relative quantification was performed using the comparative cycle threshold (CT) method normalized to Gapdh. Bulk RNA-seq sample was generated by the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB, catalog no. E7420S).

mRNA half-life calculation
--------------------------

Actinomycin D (4 μg/ml, Sigma-Aldrich, A1410-10MG) was used to prevent transcription. The quantitative polymerase chain reaction results were used for linear fitting to the log-transformed solution log *N*(*t*) = −λ*t* + log *N*(0) of the exponential decay function *dN* = −λ*N*, where *N* is the amount of a specific mRNA, λ is the decay rate constant, and *t* is the time elapsed after the initial time point. Half-life of an mRNA was calculated using the equation *h* = log(2)/λ, where *h* is the half-life.

Western blotting
----------------

Cellular protein was isolated using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, catalog no. 78501) with protease inhibitor (Roche, catalog no. 4693159001). Western blotting was performed with 4 to 12% bis-tris gradient gel (Invitrogen, NP0322BOX) with the following antibodies: Smg7 (1:1000, Bethyl Laboratories, A302-170), Upf1 (1:1000, Bethyl Laboratories, A300-036), Gapdh (1:10,000, Ambion, AM4300, 6C5), goat anti-mouse immunoglobulin G (IgG) (H + L) secondary antibody, horseradish peroxidase (HRP) (1:10,000, Invitrogen, 31430), and goat anti-rabbit IgG (H + L) secondary antibody, HRP (1:10,000, Invitrogen, 31460).

10× scRNA-seq
-------------

10× scRNA-seq was performed as previously described ([@R32]). 2C-like cells were sorted and cultured for 24 hours before harvested for scRNA-seq.

Genomic annotation files preparation
------------------------------------

The gene transfer format (GTF) file corresponding to the mm10 Ensembl GRCm38.85 transcriptome was downloaded from the Ensemble database. Sequences of the synthetic-Dux and TdTomato were added to the mm10 genomic annotation file. The GTF files were converted to refFlat format using the UCSC gtfToGenePred tool and then the refFlat file was converted to a format compatible with the droplet sequencing (Drop-seq) tool using a custom script.

Repeat pseudo-genome preparation
--------------------------------

As repeat elements tend to have multiple highly similar copies, it is difficult to accurately align and estimate their expression. Hence, we create a repeat pseudo-genome. We use a slightly modified version of the RepEnrich software ([@R33]). Briefly, for each repetitive element subfamily, a pseudo-chromosome is created by concatenating all genomic instances of that subfamily along with their flanking 15-bp genomics sequences and a 200-bp spacer sequence (a sequence of Ns). The pseudo-genome was then indexed using Spliced Transcripts Alignment to a Reference (STAR) ([@R34]) and the corresponding GTF and refFlat files were created using custom scripts and each pseudo-chromosome was considered as one gene.

Sequencing alignment for coding genes
-------------------------------------

Raw reads were first trimmed using Trimmomatic (v.0.36). Illumina sequence adaptors were removed, the leading and tailing low-quality base pairs (less than 3) were trimmed, and a 4-bp sliding window was used to scan the reads and was trimmed when the window mean quality dropped below 15. Only reads having at least 50 bp were kept. The resulting reads were mapped to the mm10 genome using STAR (v.2.5.2b) ([@R34]) with the following parameters: \--outSAMtype BAM SortedByCoordinate \--outSAMunmapped Within \--outFilterType BySJout \--outSAMattributes NH HI AS NM MD \--outFilterMultimapNmax 20 \--outFilterMismatchNmax 999 \--quantMode TranscriptomeSAM GeneCounts. The gene expression count files generated by STAR were then used for estimating gene expression.

Sequencing alignment for repeats
--------------------------------

Multi-mapped reads and reads mapping to intronic or intergenic regions were extracted and then mapped to the repeat pseudo-genome. First, the TagReadWithGeneExon command of the Drop-seq tools ([@R35]) was used to tag the reads into UTR, coding, intergenic, and intronic reads using the bam tag "XF". Multi-mapped reads and intergenic and intronic reads were extracted and mapped to the repeat pseudo-genome using STAR. The STAR read counts were used as an estimate of repeats expression.

Bulk RNA-seq normalization
--------------------------

For each sample, the genes and repeats expression matrices were merged together and then the "Trimmed Mean of M-values" (TMM) normalization method ([@R36]) from the R/Bioconductor package and edgeR package was used to calculate the normalized expression ([@R37], [@R38]).

Differential gene expression analysis of bulk RNA-seq data
----------------------------------------------------------

The R/Bioconductor edgeR package ([@R37], [@R38]) was used to detect the differentially expressed genes between the different samples using the generalized linear model--based method. Genes showing more than twofold expression change and an FDR \< 0.0001 were considered as differentially expressed.

Single-cell raw gene expression generation
------------------------------------------

Raw reads were preprocessed using the cellranger software (v.13.1) ([@R39]). The "cellranger mkfastq" command was used to demultiplex the different samples, and the "cellranger count" command was used to generate the gene-per-cell expression matrices for each sample by aligning the reads to the mm10 genome and quantifying expression of the Ensembl genes (GRCm38.93).

Single-cell raw repeats expression generation
---------------------------------------------

To quantify the expression of repeats, we used the same pseudo-genome reference created for RNA-seq analysis. First, the "cellranger mkref" command was used to create a custom 10× pseudo-genome reference. Next, all the reads that do not map to known gene (reads not having the GX or the AN tag) were extracted using a custom python script. Then, the "cellranger count" command was used to generate the repeat-per-cell expression matrices for each sample.

Identification of valid cells, clustering, and dimension reduction
------------------------------------------------------------------

As the 2C-like cell transcriptome is dominated by repeats expression and the ESC transcriptome is dominated by protein-coding gene expression, cellranger will fail to detect valid cells when quantifying the gene expression of 2C-like cells and also fail to detect valid cells when quantifying the repeats expression for ESCs. To distinguish between valid cells and empty droplets, we used the emptyDrops function from the DropletUtils R/Bioconductor package ([@R40], [@R41]) with an FDR cutoff of 0.01. A total of 2972 and 1112 valid cells were detected at 0 and 12 hours, respectively. Valid cells were then filtered to select cells with \>800 transcripts to obtain a final total of 1347 and 996 cells at 0 and 12 hours, respectively. The scran package was then used to normalize the counts. First, the quickCluster method with parameter min.size = 50 was used to cluster similar cells based on their rank correlations, then the size factors were calculated using the computeSumFactors function, and, last, the counts were normalized with the normalize function of the scater package. The Seurat package v.3 was then used for clustering analysis. Uniform Manifold Approximation and Projection (UMAP) plots were generated using the uwot package.

Integration of 2C-like entry and exit scRNA-seq data
----------------------------------------------------

To combine the 2C-like cell scRNA-seq entry data (Drop-seq) and exit data (10×), we used the FindIntegrationAnchors method available in the Seurat package to "anchor" datasets together (dims = 1:30). The anchors were then passed through the IntegrateData function to generate a batch-corrected expression matrix. The integrative UMAP plot was then generated using the uwot package.

Pseudotime analysis
-------------------

Monocle v.3 was used for the pseudotime analysis. First, the UMAP plot obtained from the uwot package was passed to the Monocle object. Next, the learn_graph function was called to fit the principal pseudotime graph. The pseudotime ordering was then generated using the cell at the top of the umap2 axis as root.

Quantification and statistical analysis
---------------------------------------

Data are expressed as mean ± SD. Statistical significance was determined using Student's *t* test (two-tailed) or nonparametric Mann-Whitney *U* test for datasets with nonnormal distribution, as indicated in the corresponding figure legends. For the *t* test, Welch's correction was used for unequal variance. Boxes in all box plots extend from the 25th to 75th percentiles, with a line at the median. Whiskers show minimum and maximum values. Statistical tests were performed using Prism7 (GraphPad Software) or R. Pearson correlation was calculated using the cor function in R. *P* values for mRNA degradation curves are calculated using a standard *t* test on the interaction term between time and the experiment type in the regression model of the degradation curves. Bulk RNA-seq was performed in two biological replicates with high correlation. All other experiments were performed in at least three biological replicates and were repeated at least twice independently with similar results. Differences were considered statistically significant at *P* ≤ 0.05. The *n* values are specified in the figure legends.

Comparison between scRNA-seq and preimplantation embryo data
------------------------------------------------------------

The raw RNA-seq preimplantation data were downloaded from GSE71434 ([@R42]) and then mapped to the mm10 using STAR. The gene expression level was quantified using RNA-Seq by Expectation-Maximization RSEM and then TMM-normalized. The differentially expressed genes between the different stages were detected using edgeR (FC \> 3 and *P* \<0.001). To compare with scRNA-seq expression, we first averaged the expression of each gene in each scRNA-seq cluster. The common genes between the variable scRNA-seq genes and the differential bulk RNA-seq genes were used to correct for batch effect using the scBatchCpp function from the scBatch package ([@R43]).
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